Purpose To understand the longitudinal renal function trends in patients undergoing radical nephroureterectomy (RNU) and identify clinicopathologic characteristics associated with estimated glomerular filtration rate (eGFR) recovery. Methods 147 patients were available for analysis. Longitudinal eGFR trends were assessed by plotting each patient's eGFR measurements over time. The patient population was dichotomized using eGFR < 60 ml/min/1.73 m 2 versus ≥ 60 ml/ min/1.73 m 2 . Cumulative incidence and competing risk regression analysis were used to estimate recovery of postoperative eGFR to the preoperative level and identify clinicopathologic characteristics associated with eGFR recovery. Results Median age was 68.7 years and median preoperative eGFR was 55.9 ml/min/1.73 m 2 . 63.6% were male and 95.8% were white. The cumulative incidence of eGFR recovery was significantly higher in patients with baseline eGFR < 60 ml/ min/1.73 m 2 compared to those with baseline eGFR ≥ 60 ml/min/1.73 m 2 (p = 0.01), with recovery rates at 2 years of 56.6% vs. 27.7%, respectively. Multivariable analysis revealed that preoperative hydronephrosis (HR 1.80) and preoperative eGFR < 60 ml/min/1.73 m 2 (HR 1.87) were associated with increased chance of eGFR recovery. Conclusion Over half of patients with preoperative eGFR < 60 ml/min/1.73 m 2 achieved eGFR recovery within the first 3 years after RNU, and hydronephrosis was a significant predictor of recovery. These findings should be considered when counseling patients regarding chronic kidney disease progression after RNU and timing of perioperative chemotherapy for high risk tumors.
Introduction
Upper tract urothelial carcinoma (UTUC) is a relatively rare malignancy and accounts for approximately 5% of all urothelial carcinomas [1, 2] . Consideration of renal function is particularly important for patients with UTUC, since many have either preexisting chronic kidney disease (CKD) or comorbidities associated with the development and progression of CKD such as older age, hypertension, diabetes, tobacco use, history of cardiovascular disease, and lower urinary tract obstruction [3] . Clinical practice guidelines recommend radical nephroureterectomy (RNU) for UTUC; however, doing so may lead to increased morbidity and mortality from CKD progression. Thus, patients with low risk tumors may be offered nephron sparing surgery with endoscopic ablation for ureteral tumors, percutaneous resection for renal pelvis tumors that are difficult to manage by flexible ureteroscopy [4, 5] , or distal ureterectomy with reimplantation. For these patients, published results have shown that oncologic efficacy between RNU and nephron sparing surgery are comparable in only those with low-grade tumors but accurate grading and staging can still be problematic [6, 7] . Another consideration for patients with UTUC is the use of perioperative cisplatin-based chemotherapy. Since RNU removes functioning nephrons and results in renal function decline, chemotherapy given in the neoadjuvant setting is much more appealing. Two clinical trials (NCT01663285 and NCT01261728) are examining cancer-free survival and pathologic response after neoadjuvant gemcitabine and cisplatin followed by RNU. Full results from the studies are not available, but retrospective data show that adjuvant cisplatinbased chemotherapy after RNU for high-risk tumors may confer benefit with respect to disease-free survival and overall survival [8] but this is an option only for patients with adequate renal function after surgery [9] . Therefore, the ability to predict renal function recovery after RNU is important for counseling patients with respect to CKD progression and eligibility for perioperative and salvage chemotherapy.
Previous studies have identified risk factors associated with CKD progression or impaired renal function after surgery as defined by postoperative estimated glomerular filtration rate (eGFR) < 60 ml/min per 1.73 m 2 [10] [11] [12] [13] [14] [15] . Here, we examine the natural history of renal function recovery after RNU for UTUC in patients treated at a tertiary referral center. Since a widely used criterion for cisplatin eligibility is eGFR of ≥ 60 ml/min per 1.73 m 2 , we divided our cohort into two groups based on this cutoff. The goals of our study are to report the long-term eGFR trends after RNU and identify clinicopathologic characteristics associated with renal function recovery.
Methods
After Institutional Review Board approval, we queried our institutional kidney cancer database at Memorial Sloan Kettering Cancer Center and identified 147 patients who underwent RNU from 2006 to 2013 for analysis. We excluded 3 patients with unknown race and 26 patients who received platinum chemotherapy. RNU was performed using an open technique in 46 patients and either laparoscopic or robotic technique in 72 patients. The presence of hydronephrosis prior to RNU was identified using either ultrasound or axial imaging and characterized as mild, moderate, or severe; however, for univariable and multivariable analysis, hydronephrosis was dichotomized as absent or present.
eGFR was calculated using the CKD-Epidemiology Collaboration [16] formula as follows:
where S cr is serum creatinine in mg/dL, κ is 0.7 for females and 0.9 for males, α is − 0.329 for females and − 0.411 for males, min indicates the minimum of S Cr /κ or 1, and max indicates the maximum of S Cr /κ or 1. Serum creatinine levels
were obtained prior to surgery and at all postoperative visits. The frequency of follow-up visits was risk adapted, and those with high-risk tumors (> pT1) had more frequent visits. In general, follow-up visits occurred every 3-6 months. The trajectory of each patient's eGFR was plotted from the preoperative visit to up to 3 years after RNU to examine trends in individual patient trajectories of eGFR. The population was then dichotomized into patients with eGFR ≥ 60 ml/min per 1.73 m 2 those with preoperative eGFR of < 60 ml/min per 1.73 m 2 . Locally weighted scatterplot smoothing was used to examine the overall trends in eGFR trajectory over time according to preoperative eGFR. Associations between clinicopathologic variables and preoperative eGFR were analyzed using Fisher's exact test for categorical variables and the Wilcoxon rank-sum test for continuous variables.
The primary endpoint of this study was postoperative recovery of eGFR to preoperative levels within a 5% margin of error [17] . The cumulative incidence of eGFR recovery was estimated, with patients censored if they did not achieve eGFR recovery by the date of their last eGFR measurement or at 36 months, whichever occurred first, and with death from any cause treated as a competing event. Gray's test was used for between group comparisons, and competing risks regression was used for multivariable analysis.
We considered a p value of < 0.05 to represent a statistically significant difference. All analyses were conducted using R software, version 3.1.0 (R Core Development Team, Vienna, Austria) including the 'cmprsk' and 'survival' packages.
Results
118 patients with upper tract urothelial carcinoma who underwent RNU were available for analysis. Three patients (2.5%) had a preoperative eGFR of > 90 ml/min per 1.73 m 2 , 43 (36.4%) had a preoperative eGFR between 60 and 89 ml/ min per 1.73 m 2 , 68 (57.6%) had a preoperative eGFR between 30 and 59 ml/min per 1.73 m 2 , 3 (2.5%) had a preoperative eGFR between 15 and 29 ml/min per 1.73 m 2 , and 1 (0.8%) had a preoperative eGFR of < 15 ml/min per 1.73 m 2 . We dichotomized the patient population into two groups. The high eGFR group (preoperative CKD stages 1 and 2) had preoperative eGFR of ≥ 60 ml/min per 1.73 m 2 (n = 46, 39.0%) and the low eGFR group (preoperative CKD stages 3-5) had preoperative eGFR of < 60 ml/min per 1.73 m 2 (n = 72, 61.0% There were a total of 1962 eGFR values available for analysis, and patients had between 2 and 115 measurements over the 36-month follow-up period (median = 11). Each patient's longitudinal postoperative eGFR values are plotted in Fig. 1 . Patients in both groups had declining eGFR after surgery that later began to recover. Over a median follow-up period of 10.8 months (minimum = 0.03, maximum = 36), 56 (47.4%) of patients experienced complete renal function recovery to their preoperative eGFR, and 8 (6.7%) died without renal function recovery. Fifteen patients in the high eGFR group and 41 patients in the low eGFR group had complete renal function recovery. The median time to renal function recovery was 31.6 months (95% confidence interval (CI) 21.4, not reached (NR)). In the low eGFR group, median time to renal function recovery was 1.6 months (95% CI 0.1, NR) whereas in the high eGFR group, median time to renal function recovery was 35.9 months (95% CI 28.5, NR). The cumulative incidence of complete renal function recovery was significantly higher in the low as compared to the high eGFR group (Fig. 2 ) (p = 0.010). Estimates of the cumulative incidence of renal function recovery in the low and high eGFR groups were 53.1 and 19.8%, respectively, at 12 months and 56.6 and 27.7%, respectively, at 24 months. There was no significant difference in death without renal function recovery between the two groups (p = 0.738). To examine differences in association between clinicopathologic variables and renal function recovery by eGFR group, we first tested for interaction effects in competing risks regression models. The only significant interaction effect found was between gender and eGFR group (p = 0.022), such that males in the high eGFR group have significantly increased chance of renal function recovery, whereas there was no difference between males and females in the low eGFR group. Since no other factor differed by preoperative eGFR group, data were analyzed overall. We performed univariable competing risks regression analysis on clinicopathologic factors associated with complete renal function recovery, and the results are presented in Table 2 . Higher body mass index (BMI) (p = 0.048), larger tumor size (p = 0.005), open versus laparoscopic or robotic surgery (p = 0.035), presence of hydronephrosis (p = 0.001), and preoperative eGFR < 60 versus ≥ 60 (p = 0.012) were all associated with increased chance of eGFR recovery. Factors incorporated in multivariable analysis were determined through a combination of clinical and statistical considerations. On multivariable analysis, only hydronephrosis (HR 1.8; 95% CI 1.05-3.11, p = 0.034) and preoperative eGFR of < 60 ml/min per 1.73 m 2 (HR 1.87; 95% CI 1.02-3.45, p = 0.044) were significantly associated with increased risk of renal function recovery (Table 3) . 
Discussion
Cancer control and preservation of renal function are the primary goals of UTUC management. Factors that can make preservation of renal function particularly challenging in this group of patients include high prevalence of CKD, comorbidities associated with the development and progression of CKD, and need for RNU for high-risk tumors. Moreover, in some areas of the world, environmental toxins such as aristolochic acid can function both as a nephrotoxin and as an etiologic agent for UTUC [18] . Use of perioperative cisplatin-based chemotherapy is also an important consideration for patients with high-risk tumors. Retrospective data suggest a benefit for both neoadjuvant [19] [20] [21] and adjuvant [8, 22] chemotherapy; but due to the high prevalence of CKD in this population, approximately half of those who have preoperative eGFR of > 60 ml/min per 1.73 m 2 become cisplatin-ineligible after RNU [9, 23, 24] . Thus, it is generally accepted that cisplatin is best given prior to RNU for practical reasons. The ability to predict renal function recovery and estimate the timeframe in which we expect it to occur would be valuable for counseling patients with respect to CKD progression and cisplatin eligibility after RNU.
We performed this study to better understand the longitudinal eGFR trends in patients who undergo RNU for UTUC. Since the most common renal function requirement for cisplatin eligibility is eGFR of ≥ 60 ml/min per 1.73 m 2 , we divided our cohort in two groups. The high eGFR group had a preoperative eGFR of ≥ 60 ml/min per 1.73 m 2 , whereas the low eGFR group had a preoperative eGFR of < 60 ml/ min per 1.73 m 2 . Over the study period, the cumulative incidence of complete renal function recovery was significantly lower in high eGFR group with only 19.8% at 12 months and 27.7% at 24 months. These data suggest that, if a patient with a high-risk UTUC has a borderline preoperative eGFR (~ 60 ml/min per 1.73 m 2 ), the opportunity to receive cisplatin may only be available in the neoadjuvant setting since there is a high likelihood that renal function may not recover sufficiently for the patient to be cisplatin-eligible in the adjuvant setting. Moreover, those who actually experience renal function recovery may not do so for years after RNU, making salvage cisplatin-based chemotherapy an unlikely option if disease progression occurs.
In contrast to patients in the high eGFR group, those in the low eGFR group were more likely to experience complete renal function recovery at 12 (53.1%) and 24 (56.6%) months. The underlying biological mechanisms responsible for this difference are unclear, but it is possible that prior to definitive surgical intervention, contralateral kidney compensation has begun and hence facilitating this renal functional recovery. We have also observed this phenomenon in our cohort of patients who underwent radical nephrectomy for renal cell carcinoma [17] . Our findings have important implications with respect to surgical management of UTUC and CKD progression. Conservative management of UTUC consisting of endoscopic ablation, percutaneous resection, or segmental resection is typically offered electively for those with low-risk tumors and imperatively for those with solitary kidney, bilateral UTUC, or severe or end stage CKD at risk for dialysis if RNU is performed. When deciding the appropriate management strategy for patients with moderate to severe CKD, strong consideration should be given to the fact that a significant fraction will achieve renal function recovery after RNU and potentially avoid dialysis.
Of the clinicopathologic factors available for analysis, only hydronephrosis and preoperative eGFR of < 60 ml/ min per 1.73 m 2 were associated with return to preoperative eGFR. There are mixed results in the literature regarding effect of hydronephrosis on renal function recovery after RNU. Rodriguez Faba et al. published a retrospective analysis on 546 patients who underwent RNU and found that preoperative hydronephrosis was a significant predictor for a postoperative eGFR < 60 ml/min per 1.73 m 2 with OR = 10.34 [13] . Similarly, Hashimoto et al. found that hydronephrosis was a negative predictor for postoperative eGFR in 110 patients who underwent RNU [14] . However, our data agree with other reports showing hydronephrosis is actually associated with decreased risk of renal function decline after RNU [10, 25] . One possible mechanism that explains this finding is that hydronephrosis and obstruction result in a poorly functioning kidney such that the contralateral kidney has already functionally adapted to contribute to most of the observed renal function. Therefore, surgical extirpation of the hydronephrotic kidney leads to a higher probability of renal function recovery. In patients without hydronephrosis, a higher percentage of functional nephrons are being removed by RNU, resulting in a decreased likelihood of renal function recovery. This finding is particularly important in patients with preoperative eGFR of ≥ 60 ml/ min per 1.73 m 2 , since those with hydronephrosis will be more likely to be cisplatin-eligible after RNU. We do not routinely perform renal scintigraphy to calculate differential function prior to performing RNU and acknowledge that data from such studies could shed light on the unexpected effect of hydronephrosis on renal function recovery. Our study is limited by the relatively small sample size and its retrospective nature. Since UTUC is a relatively uncommon malignancy, it would be necessary to validate our findings in a multi-institutional database of patients undergoing RNU. We also did not have detailed information regarding medical comorbidities that can potentially affect renal function such as severity of hypertension, diabetes, and cardiovascular disease. Non-random drop-out may also have occurred which may be a potential source of bias. Additionally, median follow-up time for this population was 10.8 months; however, median time to eGFR recovery was 31.6 months. A prospective study with longer median follow-up will be needed to confirm time to eGFR recovery.
Conclusion
In patients undergoing RNU, those with preoperative eGFR < 60 ml/min per 1.73 m 2 are more likely to achieve long-term renal function recovery compared with those with preoperative eGFR of ≥ 60 ml/min per 1.73 m 2 . Hydronephrosis is a significant predictor for renal function recovery and should be considered when counseling patients regarding CKD progression and the timing of perioperative chemotherapy for high-risk tumors. Future studies should include preoperative renal scintigraphy data to determine whether the contralateral kidney has already functionally compensated for the hydronephrotic kidney.
